Fretting behavior of Cu-Al coating on Ti-6Al-4V substrate was investigated with and without fatigue load. Soft and rough Cu-Al coating resulted in abrasive wear and a large amount of debris remained at the contact surface which caused an increase in tangential force during the fretting test under gross slip condition. Fretting in the partial slip condition also showed the wear of coating. To characterize wear, dissipated energies during fretting were calculated from fretting loops and wear volumes were obtained from worn surface profiles. Energy approach of wear analysis showed a linear relationship between wear volume and accumulated dissipated energy. This relationship was independent of fatigue loading condition and extended from partial slip to gross slip regimes.
INTRODUCTION
Fretting occurs when two contacting materials are subjected to small scale relative motion under contact pressure. Depending on the contact surface and loading condition, fretting damage can be either fretting fatigue or fretting wear. Fretting fatigue occurs under partial slip and mixed slip contact conditions in which a small relative displacement between two contacting surfaces induces cracking. Fretting wear refers to severe material removal and debris formation under the gross slip due to a large relative displacement. In the present study, wear behavior of Cu-Al coating on titanium alloy, Ti-6Al-4V substrate during fretting was investigated. Ti-6Al-4V is one of the widely used titanium alloys in aerospace industry due to its better mechanical properties and low cost. The degradation behavior of Cu-Al on Ti-6Al-4V under fretting fatigue has been investigated in previous studies [2] [3] [4] but these studies lacked the quantitative analysis of wear damage. The present work investigated the wear behavior of a soft coating, Cu-Al based on energy approach which involved the quantification of dissipated energy from fretting loops and correlating this dissipated energy with wear volume to characterize wear damage from fretting [1] . In addition, the effect of fatigue loading on wear behavior was investigated in the present study by inducing wear with and without fatigue loading conditions.
EXPERIMENTS
Specimens were made from a forged plate of titanium alloy, Ti-6Al-4V. The material has an elastic modulus of 126 GPa, yield strength of 930 MPa, and a Vickers hardness number of 4.2 GPa. Machined specimen had a length of 17.78 cm, width of 0.64 cm, and thickness of 0.38 cm. Cu-Al coating was deposited on the machined specimen by plasma spray method. The Vickers hardness of coating was 1.9 GPa. The average thickness and surface roughness of coating measured by profilemeter were 40 μm and 11 μm rms (root mean square roughness), respectively. The surface roughness of substrate was about 0.2 μm rms. Un-coated cylindrical pad, also made of Ti-6Al-4V, was used as a contacting body in fretting test. The radius of cylindrical pad was 0.3 cm.
A dual actuator fretting test apparatus was used in this study. This apparatus consisted of a servo-hydraulic uniaxial test frame and an additional servo-hydraulic actuator (actuator 2) which was directly connected to the fretting fixture so that independent cyclic movement of the fretting fixture was possible under a given contact load. During fretting test, the specimen was fatigued through the actuator 1 at a prescribed stress level. Tangential force, Q, was obtained from the difference between two load cells located at the top and bottom of the specimen. Fretting fixture could be independently controlled in either load or displacement controlled mode. The contact load, P, was applied through lateral springs and measured by a pressure gauge. This independent fixture movement system allowed conducting fretting fatigue test with any prescribed value of relative slip at an applied cyclic stress to the specimen.
Fretting tests were conducted either with no fatigue load or at the maximum fatigue load of 300 MPa with a stress ratio of 0.1. In both these series of tests, fretting pads were subjected to cyclic displacement through fretting fixture via actuator 2. All tests were run up to 15,000 cycles. These test conditions, thus, provided different amount of degradation of coating ranging from a small amount of wear to the complete wear. The applied contact load was 320 N which resulted in the Hertzian peak pressure of 615 MPa. All tests were conducted at a cyclic frequency of 2 Hz with a prescribed value of pad displacement. The relative displacement between fretting pad and a location on the specimen was measured. Dissipated energy during fretting fatigue was obtained from the area inside fretting loop between relative displacement and tangential force. Wear volume was obtained using a profilemeter.
RESULTS
Fretting regime was identified from the shape of fretting loop. In the case of partial slip, fretting loop started as quasirectangular shape, a characteristic of gross slip, then became elliptical shape, a characteristic of partial slip, after a certain number of cycle. On the other hand quasi-rectangular shape was maintained from the start to the end of fretting test with gross slip condition. The plot of tangential force as a function of cycles showed that tangential force increased during the most of fretting test duration. The tangential force stabilized at around 10,000 cycles. The total dissipated energy in a fretting test was obtained by summing individual dissipated energy of each cycle. Figure 1 displays the wear volume (V) versus the accumulated dissipated energy (E c ). There is a linear relationship between the accumulated dissipated energy and wear volume, and this linear relationship appears to extend from the partial slip to gross slip contact conditions. Further, this linear relationship extends over both loading conditions, i.e. with and without fatigue load, implying that dissipated energy analysis of fretting wear is not affected by fatigue loading condition. An energy wear coefficient, which represents wear volume produced by one unit of the dissipated energy, was determined to 2.84 x 10 -4 mm 3 /J from the slope of the fitted line in the Figure 1 . A detailed microscopic evaluation was also undertaken in this study to relate the wear characteristics of the debris formation. 
SUMMARY
Soft Cu-Al coating of the present study resulted in abrasive wear and a large amount of wear debris. Most of debris remained on the contact surface causing an increase of tangential force initially in the fretting test. Then the tangential force reached to the maximum value, which was about equal to the applied contact load. The energy approach of wear analysis showed a linear relationship between wear volume and accumulated dissipated energy regardless of fatigue loading condition, i.e. with or without fatigue load on the specimen. There was also wear in the partial slip regime, and this linear relationship extended into the partial slip regime with the same slope.
